Purpose-We investigated the role that the cystic fibrosis transmembrane conductance regulator (CFTR) may play in Cl − transport in the acinar and ductal epithelial cells of rabbit lacrimal gland (LG).
INTRODUCTION
Lacrimal gland (LG) secretion is mediated by an array of ion transporters and channels, which generate the electrogenic gradient that drives water into the lumen. Apical Cl − secretion across epithelia provides the primary driving force for fluid production and activation of apical Cl − channels is the rate-limiting step for fluid secretion by epithelial cells of most exocrine glands, e.g., salivary glands. [1] [2] [3] Three ion transporters involved in Cl − transport have been identified in the LG: Na + -K + -2Cl − cotransporter (NKCC), chloride channel (ClC) and cystic fibrosis transmembrane conductance regulator (CFTR). NKCC, which mediates the transport of the three ions through plasma membranes, has been identified in the LG of mouse, 4 rat 5 and rabbit. 6 ClC is a superfamily of poorly understood ion channels consisting of approximately 13 members and has also been found in the LG of rat 5 and rabbit. 6 CFTR is an ion channel that transports Cl − and thiocyanate across epithelial cell membranes and has been shown to play a critical role in Cl − transport within many epithelia, e.g., salivary glands, 1-3,7-9 pancreas [10] [11] [12] and sweat gland. [13] [14] [15] CFTR has been detected in the LG of mouse 16 and rat. 5 Our recent studies also demonstrated the presence of CFTR mRNA and protein in the LG of rabbit, 6 as well as its expression changes in a rabbit model of Sjögren's syndrome. 17 This suggests that CFTR may play a significant role in normal function and dysfunction of LG. However, little is known about the role that CFTR may function in LG secretion, and in fact, the above four reports were the only literature regarding CFTR and LG that we could find.
Therefore, the aim of the present study is to investigate whether CFTR is functionally involved in Cl − transport in acinar and duct epithelial cells from rabbit LG using whole-cell patch-clamp electrophysiological recording of isolated acinar cells and live cell imaging of dissected LG duct segments. Our data indicated that CFTR is actively involved in Cl − transport in both acinar and duct cells, which suggests that CFTR plays a significant role in LG secretion.
METHODS Animals
Twenty-four New Zealand White female rabbits (Irish Farms, Norco, CA), weighing about 2 kg, were used throughout the study. Rabbits were narcotized with a mixture of ketamine (40 mg/ml) and xylazine (10 mg/ml), and given an overdose of Nembutal (80 mg/kg) for euthanasia. This study conformed to the standards and procedures for the proper care and use of animals as described in the ARVO Statement for the Use of Animals in Ophthalmic Research.
Chemicals
N-[ethoxycarbonylmethyl]-6-methoxy-quinolinium bromide (MQAE; Molecular Probes, Eugene, OR); 4,4′-disothiocyanostilbene-2, 2′ sulphonic acid (DIDS) (Sigma, St. Louis, MO); CFTRinh-172 (Sigma). Other chemicals were purchased from Sigma.
DIDS was dissolved in dimethyl sulfoxide (DMSO) to make a stock solution of 10 mM, and added to the perfusate to make the final concentration of 100 μM. CFTRinh-172 was dissolved in DMSO to make a stock solution of 1 mM, and added to the perfusate to make the final concentration of 10 μM. Stock solution of MQAE was made in water at 1 mg/ml, and added to the perfusate to make the final concentration of 100 μM.
Since DMSO may potentially yield unwanted effects in cells, we performed vehicle control studies by adding 1% DMSO by itself in the media. Our results indicated that neither high [Cl − ] nor low [Cl − ] media could cause any holding current changes for up to 30 min. Nonetheless, to avoid any potential side effects of DMSO, we washed the cells in the DMSO-containing media for 2 min and then executed the voltage step protocols immediately, which typically lasted less than 10 min.
Cell Culture of LG Acinar Cells
Inferior LG were removed from rabbits and acinar cells were isolated and cultured for 2-3 days as described in detail previously. An Axon Multiclamp 700B amplifier and Digidata 1440A interface (Molecular Devices, Sunnyvale, CA) were used with pClamp 10.2 software for data acquisition (Molecular Devices). Digital signal (high passed at 10 Hz, low passed at 5 kHz) was sampled at 10 kHz. Liquid junction potential was offset automatically for each recording or change of bath solution. Voltage step protocols were compiled in pClamp and the cells were held at 0 mV after whole-cell configuration was obtained. All current traces were leak-subtracted using p/ n subtraction provided in pClamp. We monitored both access resistance and whole-cell input resistance during the entire recording period and only stable recordings (<10% change) with initial gigaseals were selected for analysis.
The resistance of the patch electrode was 5-7 MOhm and the series resistance was between 6-9 MOhm. Therefore, the access resistance did not contribute significantly to the series resistance nor affect the quality of recordings. Series resistance errors, although very small compared with cell input resistance, were routinely compensated at 70% level to increase the signal bandwidth of detection. We recorded a membrane capacity (C m ) of 18.6±/−4.2 pF, which is consistent with the uniformity of cell size. Statistics and graphing was done using GraphPad Prism software (GraphPad Software, La Jolla, CA).
To elicit CFTR-mediated Cl − currents, a series of voltage commands were applied to the cells (from −100 mV to +100 mV, with 20 mV steps; Figure 1 ). In some experiments, a cAMP-increasing cocktail (10 μM forskolin + 100 μM 3-isobutyl-1-methylxanthine [IBMX]) was added into the perfusate. To prevent ClC-2-mediated Cl − currents and ENaCmediated Na + currents, CdCl 2 (300 μM) and amiloride (10 μM) were added to external solutions, respectively. 2, 3, 19 At least four cells for each experimental parameter were recorded.
Microdissection of LG Ducts and Live Cell Imaging
Lacrimal ducts were micro-dissected from LG in dissection media at 4°C under a Leica dissecting microscope. The dissection medium was prepared from DMEM (DME mixture F-12; Sigma) with the addition of 1.2 g/l NaHCO 3 and 3% fetal bovine serum (Hyclone). Before use, this solution was aerated with 95% O 2 + 5% CO 2 for 45 min, and pH adjusted to 7.4.
Dissected ducts were then transferred to a thermoregulated Lucite chamber mounted on a Leica DM IRE2 inverted microscope. The isolated duct was cannulated by a holding pipette and collection pipette (Figure 3) , and perfused at 20 nl/min. The ductal perfusate was a Krebs-Ringer-HCO 3 buffer (KRB) that contained (in mM) 115 NaCl, 5 KCl, 25 NaHCO 3 , 1.6 NaH 2 PO 4 , 0.4 Na 2 HPO 4 , 1 MgSO 4 , 1.5 CaCl 2 and 5 D-glucose. The bath media was identical to the ductal perfusate and was continuously aerated with 95% O 2 + 5% CO 2 and exchanged at a rate of 1 ml/min. The preparation was kept in the dissection solution and the temperature was kept at 4°C until cannulation of the duct was completed, and then gradually raised to 37°C for the remainder of the experiment. 20 Multiphoton laser scanning microscopy was performed using a Leica TCS SP2 AOBS MP confocal microscope system (Leica Microsystems, Heidelberg, Germany). A Leica DM IRE2 inverted microscope is powered by a wideband, fully automated, infrared (710-920 nm) combined photo-diode pump laser and mode-locked titanium:sapphire laser (Mai-Tai, Spectra-Physics, Mountain View, CA) for multiphoton excitation, and/or by red (HeNe 633 nm/10 mW), orange (HeNe 594 nm/2 mW), green (HeNe 543 nm/1.2 mW) and blue (Ar 458 nm/5 mW; 476 nm/5 mW; 488 nm/20 mW; 514 nm/20 mW) lasers for conventional, one photon-excitation confocal microscopy. Images were collected in time (xyt) or z-series (xyz), depending on the purpose of study, with the Leica LCS imaging software.
Statistics
Data are presented as mean ± SEM (standard error of mean). Each experiment was performed on at least three samples from at least three animals (see text). Student's t-test and analysis of variance (ANOVA) were performed to determine statistical significance, and p < 0.05 was considered significant.
RESULTS

Patch-Clamp of LG Acinar Cells
By using whole-cell patch-clamp, we were able to record strong Cl − current in isolated acinar cells. When a cAMP-increasing cocktail of 100 μM 3-isobutyl-1-methylxanthine (IBMX) and 10 μM forskolin was added into the perfusate that has a [Cl − ] of 154 mM, a strong Cl − current was elicited (Figure 1) , indicating that the elicited current was mediated by CFTR, a Cl − channel that is activated by cAMP. 3, 21, 22 Moreover, replacing the external solution with low [Cl − ]=14 mM shifted the reversal potential from 0 to 41.95 ± 3.37 mV. The discrepancy between this reversal potential and the calculated reversal potential based on the Nernst equation for chloride (~57 mV) may be due to other transporters and channels involved in Cl − transport, i.e., NKCC1, KCC1 and ClC2γ in the rabbit LG acinar cells. 6 Chloride channels may also have certain conductance for other ions, albeit these conductance tend to be insignificant as compared to Cl − . However, no data exists regarding this phenomenon in the LG, as far as we know. We set out to investigate whether the elicited Cl − current was mediated by CFTR, rather than other Cl − transporters by using various Cl − channel blockers.
Addition of 100 μM DIDS, a non-specific Cl − channel blocker, into the external solution completely abolished the IBMX and forskolin elicited Cl − current (Figure 2) , suggesting that the elicited current was indeed mediated by Cl − channels. Furthermore, addition of 10 μM of CFTRinh-172, a selective CFTR channel inhibitor, 23 also completely abolished the Cl − current, confirming that the Cl − current was mediated by CFTR channel. At least four cells for each experimental parameter were analyzed. Recording data elicited from each agent and control was analyzed by Student's t-test and/or ANOVA, and significant differences (p ≤ 0.05) were observed at each holding potential (Figures 1 and 2) .
Live Cell Imaging of Duct Cells from Dissected LG Duct
In addition to acinar cells, the LG duct epithelial cells are also actively involved in LG fluid production. As shown in our previous report, 6 CFTR was particularly rich in the apical membranes of LG duct. Therefore, we used the Cl − sensitive probe MQAE to study [Cl − ]-sensitive fluorescence intensity changes in duct cells and its changes in response to DIDS and CFTRinh-172.
Duct cells were initially loaded with MQAE (100 μM) via the perfusate, a Ringer solution that contains 135 mM NaCl which is identical to the bath medium, through a glass pipette (Figure 3) . Replacement of the luminal perfusate with a modified Ringer solution containing 10 mM NaCl and 125 mM Na-gluconate caused the cytosolic MQAE intensity to increase dramatically (Figure 4 ) due to the decreased quenching resulting from increased Cl − efflux into luminal space. This suggests that the duct cells were actively involved in Cl − transport.
When the same maneuver was performed with 100 μM DIDS present in the perfusate, the change in cytosolic [Cl − ] was almost completely prevented, indicating that the increased fluorescence intensity was mediated by Cl − channel. Furthermore, addition of 10 μM CFTRinh-172 into the perfusate caused a complete abolishment of fluorescence intensity change, confirming that the increased fluorescence intensity was mediated by CFTR.
DISCUSSION
LG fluid secretion is an osmotic process driven by the transepithelial secretion of electrolytes that is mediated by many ion transporters/channels and following water transport. [4] [5] [6] [24] [25] [26] [27] [28] As in other exocrine gland secretions, LG fluid is believed to be produced Although CFTR has been detected in the LG of mouse, 16 rat 5 and rabbit, 6, 17 little is known about its functional role in LG secretion. Our previous data indicated that CFTR is present in all acinar cells and epithelial cells from all duct segments, suggesting that it may play a significant role in the elevated [Cl − ] in final LG fluid.
In this report, our electrophysiological studies of acinar cells using various perfusion media with different [Cl − ] and channel blockers confirmed both the existence of Cl − current in these cells and that CFTR is the major transporter responsible for this current. With ex vivo live cell imaging studies of dissected LG duct segment using a specific Cl − sensitive fluorescence dye, MQAE, we also demonstrated that CFTR clearly played a role in Cl − transport in duct cells.
These data taken together, for the first time to the extent of our knowledge, suggest that CFTR is functionally involved in Cl − transport in both acinar and duct LG epithelial cells.
It has been shown that CFTR plays a critical role in Cl − transport in many epithelia. Mutations of CFTR can cause cystic fibrosis (CF), the most common and fatal genetic disease in Caucasians affecting one in every 3200 live births. 31 Disruption of CFTRmediated Cl − transport results in defective fluid and electrolyte movement in epithelial cells of many tissues/organs, such as the pancreas, 10-12 salivary glands 1-3,7-9 and sweat glands. [13] [14] [15] A recent report also verified that gating of CFTR is determined by membrane stretch that points to the sensitivity of CFTR-mediated Cl − current to changes in cell volume. 32 While we were unable to find any literature regarding CFTR's functional role in LG secretion, data from salivary glands, another exocrine gland that closely resembles to LG anatomically and functionally, may help us to elucidate the role CFTR may play in LG function. A recent report by Catalan et al. 3 using CFTR knockout mice elegantly demonstrated that CFTR plays a critical role in the function of duct cells from mouse submandibular glands. Whole-cell patch-clamp failed to record CFTR-mediated Cl − currents from isolated duct cells from submandibular glands of CFTR knockout mice and significant changes in flow rate and total volume of saliva were detected in CFTR knockout mice. However, unlike the rabbit LG, no CFTR was detected in the acinar cells of mouse submandibular glands.
Our recent data 17 indicated that in a rabbit model of Sjögren's syndrome, induced autoimmune dacryoadenitis (IAD), there were significant changes of mRNA for CFTR from whole LG as well as acinar cells and epithelial cells from various duct segments from rabbits with IAD. This may translate into altered transport of Cl − , strongly suggesting that these changes may contribute to the reduced LG secretion in rabbits with IAD, as demonstrated before. [33] [34] [35] These data were consistent with the recent report of Catalan et al. 3 , which showed that submandibular secretion was dependent on CFTR-mediated Cl − transport. Patients with CF have also been reported to exhibit ocular surface changes characteristic of dry eye, e.g., decreased tear production, increased corneal fluorescein staining, as well as corneal and conjunctival squamous metaplasia that have been implicated as primary and direct manifestations of CF. [36] [37] [38] [39] In most exocrine glands, apical Cl − secretion provides the primary driving force for fluid secretion. Activation of apical Cl − channels, including CFTR along with Cl − and Na + coupled entry mechanisms in apical and basolateral membranes, is the rate-limiting step for fluid secretion. 2, 3, 40 The fact that immunofluorescence data 6 revealed CFTR localization in the apical cytoplasm of acinar cells instead of the apical membranes implies that CFTR in acinar cells are quiescent in the non-stimulated state. Upon activation, CFTR may translocate to the apical membranes as has been demonstrated in the mouse mandibular duct cells. 41 CFTR is predominantly present in the LG ducts where they are primarily located on the apical membrane. This strongly implies the ducts' active involvement in Cl − transport. These results are also consistent with a recent report that showed the presence of CFTR in the apical membranes of ductal cells in rat LG. 5 An earlier report, using mouse mutants with defective CFTR gene, demonstrated dilated acini that were presumably caused by backpressure from blocked ducts. These mutant mice also developed eye infections and were prone to persistent eye closure. 16 The presence of significant amounts of CFTR in the ducts along with the detection of other channels and transporters in the LG ducts 5, 6, 24, 25, 42 strongly supports the notion that LG ducts play a critical role in lacrimal function. A recent functional study of the LG ducts by Haarsma et al. 43 using perforated patch-clamp on dissociated rat LG duct cells elegantly recorded the presence of voltage-activated K + channels and confirmed these duct cells' functional involvement in LG secretion.
In addition to mediating anion transport, CFTR has also been shown directly involved in the secretion of mucins and serous proteins. 44, 45 In fact, the LG duct cells of rabbit 46, 47 are all mucous cells capable of secreting mucin. This appears to support the report from Ratcliff et al. 16 that suggested that dilated acini in mutant CFTR mouse may result from the increased back-pressure caused by blocked ducts and clinical findings that CF patients demonstrated dry eye symptoms. [36] [37] [38] [39] In summary, the data presented here demonstrated that CFTR is functionally involved in Cl − transport in both acinar and duct cells in the rabbit LG and suggests that CFTR plays a significant role in LG function and dysfunction. However, the exact mechanisms of how these transporters mediate LG secretion in physiological and pathological conditions are unknown and certainly warrant further investigations. Direct secretion studies, e.g., in vivo secretion studies by using CFTR knockout mice, may help to elucidate its role in LG secretion. Addition of a cAMP-increasing cocktail of 100 μM IBMX and 10 μM forskolin (IBMX +Forsk, n = 5) elicited a strong Cl − current, suggesting the elicited current was mediated by CFTR, which is a cAMP-activated ATP-gated anion channel. Replacement of the external solution with low [Cl − ] = 14 mM shifted the reversal potential from 0 mV to 41.95 ± 3.37 mV (n = 4). Data are presented as mean ± standard error of the mean (SEM). Student's ttests and/or ANOVA were performed by comparing data elicited from agent and control, and significant differences (p < 0.05) were observed at each holding potential. Live cell imaging of duct cells from dissected LG intralobular duct for MQAE fluorescence changes. Duct cells were loaded with fMQAE (100 = M) via the perfusate through a glass pipette, which can be seen in the top-left (A, B).
